The hormone cytokinin (CK) controls root length in Arabidopsis thaliana by defining where dividing cells, derived from stem cells of the root meristem, start to differentiate [1] [2] [3] [4] [5] [6] . However, the regulatory inputs directing CK to promote differentiation remain poorly understood. Here, we show that the HD-ZIPIII transcription factor PHABULOSA (PHB) directly activates the CK biosynthesis gene ISOPENTENYL TRANSFERASE 7 (IPT7), thus promoting cell differentiation and regulating root length. We further demonstrate that CK feeds back to repress both PHB and microRNA165, a negative regulator of PHB. These interactions comprise an incoherent regulatory loop in which CK represses both its activator and a repressor of its activator. We propose that this regulatory circuit determines the balance of cell division and differentiation during root development and may provide robustness against CK fluctuations.
Summary
The hormone cytokinin (CK) controls root length in Arabidopsis thaliana by defining where dividing cells, derived from stem cells of the root meristem, start to differentiate [1] [2] [3] [4] [5] [6] . However, the regulatory inputs directing CK to promote differentiation remain poorly understood. Here, we show that the HD-ZIPIII transcription factor PHABULOSA (PHB) directly activates the CK biosynthesis gene ISOPENTENYL TRANSFERASE 7 (IPT7), thus promoting cell differentiation and regulating root length. We further demonstrate that CK feeds back to repress both PHB and microRNA165, a negative regulator of PHB. These interactions comprise an incoherent regulatory loop in which CK represses both its activator and a repressor of its activator. We propose that this regulatory circuit determines the balance of cell division and differentiation during root development and may provide robustness against CK fluctuations.
Results and Discussion
How the balance between stem cell activity, cell proliferation, and cell differentiation influences organ size and development is a central question in biology. The Arabidopsis thaliana root meristem is an excellent system in which to study this question because it shows a clear differentiation gradient along its proximal-distal axis ( Figure 1A ). The stem cell niche (STN) resides distally at the root tip and harbors stem cells that give rise to the entire root. More proximally in the division zone (DZ), proliferating cells divide symmetrically, akin to transit amplifying cells in animals, and then enter the elongation/differentiation zone (EDZ), where they cease dividing and grow by elongation. The boundary between the division and differentiation zones is called the transition zone (TZ), and its positioning determines the length of the meristem and consequently the root length [1, 2] . The balance between dividing and differentiating cells tends toward a steady state that depends on the regulated interplay of the hormones cytokinin (CK) and auxin [1] [2] [3] [4] [5] [6] . An auxin maximum at the root tip promotes stem cell function while an auxin gradient along the meristem fuels cell proliferation in the division zone [3, 4] . CK acts proximally to repress auxin signaling, thus promoting differentiation and defining the position of the TZ [1, 5, 6] . Increased CK shifts the position of the TZ distally, shortening meristem and root length, whereas decreased CK shifts the TZ proximally, producing a longer meristem and root. Despite this key role for CK in controlling root meristem size, little is known about how its regulated activity determines the balance of cell division and differentiation during root growth.
HD-ZIPIII transcription factors are involved in patterning processes throughout plant development [7] [8] [9] [10] [11] [12] [13] [14] , but the downstream components via which they exert these effects are largely unknown [15] . We suspected that HD-ZIPIIIs might be key components of CK-mediated differentiation pathways because we observed a striking congruence in the mutant phenotypes resulting from perturbed CK and HD-ZIPIII activities. Specifically, we found that microRNA (miRNA)-insensitive HD-ZIPIII gain-of-function mutants in which expression of the redundantly acting PHABULOSA and PHAVOLUTA is increased and broadened (phb-1d and phv-1d) [7] [8] [9] [10] [11] [12] [13] [14] display short roots and small root meristems, reminiscent of the phenotypes observed upon treatment with CK [1] or overexpression of the bacterial CK biosynthesis gene ISOPENTENYL TRANSFERASE (IPT) (Figures 1B-1G ). Similar phenotypes were observed in transgenic lines that broadly expressed a dexamethasone (DEX)-inducible PHB version (PHB*), which is insensitive to miRNA-dependent posttranscriptional repression, using a two-component transactivation system (35S: LhGR>>PHB*) [16] (see Figures S1A-S1E available online). These findings indicated that PHB and PHV may control the position of the TZ and thus root meristem size in a fashion similar to CK. Two lines of evidence suggested that PHB activity in eliciting such gain-of-function phenotypes is mediated through the CK pathway. First, the expression of the primary response CK target ARABIDOPSIS RESPONSE REGULATOR 5 (ARR5) [17] and the CK activity reporter TWO-COMPONENT-OUTPUT-SENSOR green fluorescent protein (TCS::GFP) [18] was broadened in phb-1d/+ and phv-1d/+ backgrounds ( Figures 1C-1E and data not shown). Second, a loss-of-function mutation in ARR1, encoding a CK-dependent transcriptional regulator of meristem size [1, 5, 6] , was sufficient to suppress the short-root defects of phb-1d/+ (Figures S1F-S1K) . Notably, ARR1 expression is first detectable 5 days after germination (DAG) when TZ positioning is established and coincides with the time at which arr1 suppression of phb-1d/+ is first noticeable ( Figure S1K ). These observations indicate that perturbation of ARR1-dependent CK signaling underlies phb-1d/+ root meristem defects. Expression of stem cell and cell proliferation markers was indistinguishable in phb-1d/+, phv-1d/+, and wild-type (WT) backgrounds (data not shown), indicating that short-root phenotypes of these mutants are unlikely to reflect stem cell defects but predominantly reflect aberrant TZ positioning. In summary, increased and broadened expression of PHB and PHV is sufficient to cause short roots because of superactivation of CK-dependent cell differentiation pathways.
To determine whether PHB and PHV are also necessary to determine root meristem size, we studied phb,phv double mutants, and we observed that they displayed longer roots and longer root meristems than the WT, similar to mutants defective in synthesis or perception of CK (Figures 1B and 1F-1I) [1] . To assess whether PHB and PHV determine root meristem size through influencing CK levels, we treated phb,phv seedlings with exogenous CK. A 16 hr CK treatment restored the root phenotype of phb,phv to WT (Figures 1G-1J ), suggesting that these HD-ZIPIIIs may promote CK biosynthesis. Consistent with these findings, reduction of CK in 35S:LhGR>>PHB* plants by overexpressing the CK catabolism gene CKX3 (35S::CKX3) restored meristem size and root length (Figures S1A-S1E). Furthermore, overexpression of the CK catabolism gene CKX1 in the TZ driven by the ROOT CLAVATA HOMOLOGOUS 2 (RCH2) promoter (RCH2::CKX1) was sufficient to restore meristem size in phb1d/+ mutants ( Figures 1G, 1K , and 1L). These observations suggest that the shortened root meristem size and root length in phd-1d/+ reflects increased CK activity and that PHB may control root meristem size by promoting CK biosynthesis.
CK biosynthesis requires the activity of rate-limiting IPTs [19] . Triple loss-of-function mutants of IPT3, IPT5, and IPT7 (ipt3, ipt5, and ipt7) show root meristem defects [1] similar to phb,phv plants. On this basis, we hypothesized that PHB and PHV may influence CK activity by activating expression of one or more of these IPT genes. Consistent with this (G) 5-DAG root meristem length in WT, WT treated with cytokinin (CK, 16 hr, 1 mM trans-zeatin), phb-1d/+, phv-1d/+, phb-13,phv-11, phb-13,phv-11 treated with CK, RCH2::CKX1, and RCH2::CKX1,phb-1d/+. The long-meristem defect of phb,phv is rescued by CK treatment, and the short-meristem defect of phb-1d/+ is rescued by CK depletion at the TZ. Root meristem length was defined as the number of cortex cells between the cortex stem cell (blue arrowhead) and the first elongated cortex cell (black arrowhead). Error bars represent SD. (H-L) 5-DAG root meristems of WT (H), phb-13,phv-11 (I), phb-13,phv-11 treated with CK (1 mM trans-zeatin) for 16 hr (J), phb-1d/+ (K), and phb-1d/+,RCH2::CKX1 (L). Meristem borders are depicted as in (C-E). Scale bars represent 50 mm. *p < 0.05, **p < 0.01, NS, not significant; Student's t test. See also Figure S1 .
hypothesis, mRNA levels of IPT7, but not IPT3 or IPT5, were reduced in phb,phv double mutants (Figures 2A, S2A , and S2B) and were increased in phb-1d and phv-1d mutants and after 4 hr of DEX-induced PHB* expression ( Figures 2B, 2C , S2C, and S2D). Thus, PHB is both necessary, through its redundant action with PHV, and sufficient for activation of IPT7 expression. These observations, together with findings that PHB and IPT7 are expressed in overlapping domains during development ( Figures S2E-S2H ) [12] [13] [14] [15] [16] [17] [18] [19] [20] , suggest that PHB and PHV control CK biosynthesis through the activation of IPT7. To investigate whether PHB regulates IPT7 expression by physically interacting with IPT7 transcriptional complexes, we performed chromatin immunoprecipitation (ChIP) using seedlings expressing a miRNA-insensitive version of PHB fused to GFP and driven by the PHB promoter (PHB*:GFP). One fragment of the IPT7 promoter was overrepresented in the immunoprecipitated chromatin, indicating direct binding to PHB*:GFP ( Figures 2D and 2E ), which together with the rapid activation of IPT7 expression upon PHB* induction indicates that IPT7 is a direct target of PHB.
We next investigated the precise functional significance of PHB-mediated IPT7 activation for PHB function and root development. We observed that ipt7-1 and ipt7-2 single mutants displayed a longer root and root meristem than WT ( Figures 2F, 2G, S2I , and S2J), indicating that IPT7-dependent CK biosynthesis is sufficient to determine root meristem size. These observations raised a key question: Is IPT7 a central mediator of PHB/PHV activity in the root meristem, or are additional target genes strictly required for PHB/PHV to promote differentiation? To distinguish between these possibilities, we expressed IPT7 under the control of PHB promoter (PHB::IPT7) in a phb,phv mutant background. We observed that PHB::IPT7,phb,phv plants had WT IPT7 mRNA abundance and displayed WT root length and meristem size ( Figures 2F,  2I , 2J, and S2J-S2L), indicating that IPT7 activity in the PHB expression domain fully bypasses the requirement of PHB/ PHV for normal root development. Furthermore, the root meristem size of phb,phv,ipt7 triple mutants was indistinguishable from that of phb,phv or ipt7 mutants ( Figures 2H and S2I) , confirming that PHB and PHV provide a key developmental input for directing IPT7-dependent differentiation at the TZ. Although these observations highlight the key role of IPT7 in mediating PHB/PHV action, they do not rule out the possibility that PHB/PHV may regulate additional IPT genes. For example, IPT1 and PHB expression domains also overlap in both embryonic and postembryonic roots ( Figure S2M ) [10, 20, 21] , and IPT1 expression depends on PHB/PHV ( Figures  S2N and S2O ), indicating that IPT1 may also contribute to PHB/PHV-dependent CK activity. Our results provide a striking example of how the expression of a single target gene (IPT7) of a developmentally important transcription factor (PHB) can be sufficient to mediate the activity of this transcription factor.
CK action in promoting cell differentiation is self-limiting because above a certain threshold, CK activity represses its The thin line corresponds to the promoter, the red boxes correspond to the untranslated regions, and the black box corresponds to the coding region. The bent arrow represents the transcription start site. A, B, and C correspond to the DNA fragments assayed by ChIP (E). (E) ChIP analysis. Chromatin from PHB*:GFP plants was immunoprecipitated with anti-GFP antibody. The fold enrichment of each DNA fragment (fragments A, B, and C) in relation to the total chromatin input is shown for three independent chromatin extractions (roman numerals). Fragment B is overrepresented in all independent experiments. Error bars represent SD; n = 3. (F-I) 5-DAG root meristems of WT (F), ipt7-1 (G), phb-13,phv-11,ipt7-1 (H), and phb-13,phv-11,PHB::IPT7 (I). Blue and black arrowheads indicate stem cell and TZ of the cortex, respectively. Scale bars represent 50 mm. (J) Root meristem cell number of WT, phb-13,phv-11, and phb-13,phv-11,PHB::IPT7 measured over time. phb,phv plants do not reach the plateau phase at 5 DAG and continue accumulating cells in the meristem, while in phb,phv,PHB::IPT7 plants, the plateau phase is reestablished by expressing IPT7 in the PHB domain. Error bars represent SD; n = 40. *p < 0.05, **p < 0.01; Student's t test. See also Figure S2 . own biosynthesis by downregulating IPTs ( Figure S3A ) [21] . This feedback is pivotal in determining the balance between division and differentiation in the root meristem [5] , but the underlying molecular mechanism remains unknown. Given that PHB directly promotes CK biosynthesis, we investigated whether elevated CK activity downregulates PHB and PHV expression, thus providing a mechanism for CK limiting its own activity. We observed that a 6 hr treatment of WT plants with exogenous CK was sufficient to reduce the accumulation of PHB and PHV transcripts ( Figures S3B and S3C) . CK treatment also reduced the expression of transcriptional and translational PHB reporter genes (PHB::GFP and PHB:GFP, respectively), as well as a translational reporter gene that is insensitive to miRNA-dependent repression (PHB*:GFP) ( Figures 3A, 3B, 3D-3G, S3E, and S3F) . Therefore, CK can repress PHB, and this repression has a transcriptional component. To investigate whether repression of PHB by CK is mediated by ARR1, we analyzed the expression pattern of PHB::GFP in the root of arr1 mutants upon CK treatment. Similar to untreated arr1 plants, PHB::GFP was ectopically expressed in the meristem and TZ upon CK treatment ( Figures  S3G-S3I ), indicating that ARR1 is necessary for CK-mediated PHB repression. Conversely, induction of a constitutively active ARR1 protein (35S::ARR1DDDK:GR) [5] for 4 hr was sufficient to strongly reduce PHB and PHV transcript accumulation ( Figures S3B and S3C) , demonstrating that ARR1 is also sufficient for CK-mediated PHB repression and indicating that this repression is an early response to elevated ARR1 activity. Furthermore, specific depletion of CK at the TZ (RCH2::CKX1) caused ectopic expression of PHB::GFP ( Figures 3C and 3D) , confirming that CK prevents PHB expression in the TZ. Given that the short-root phenotype of phb-1d/+ was suppressed in the RCH2::CKX1 background ( Figures 1K  and 1L ), we conclude that CK/ARR1-dependent PHB repression contributes to TZ positioning via regulating PHB-dependent CK biosynthesis.
Our observations indicate that CK can repress PHB expression in addition to posttranscriptional repression by miRNA165/166 (mir165/6) [8, 12, 13] . This finding raised two questions: How do these two repressive pathways relate to each other, and does a buffering mechanism maintain a basal level of PHB activity when elevated CK activity causes PHB repression? To investigate whether increased CK levels affect mir165/6-mediated regulation, we exploited a GFP transgene carrying a mir165/6 recognition sequence, which acts as a sensor of mir165/6 activity. Expression at the TZ of this mir165/6-sensitive GFP was stronger after CK treatment and weaker in CK-deficient plants (35S::CKX3) ( Figures 3H-3M , S3J, and S3K). Consistent with these observations, CK treatment reduced the unprocessed MIR165A transcript levels (priMIR165A) and the expression of MIR165A::GFP in the endodermis of the TZ in WT, but not in arr1 ( Figures  3N-3P, S3D , and S3L-S3N), suggesting that CK represses MIR165A expression via a canonical ARR1-dependent pathway. Because PHB also promotes CK biosynthesis, these interactions give rise to a molecular circuitry wherein a signaling molecule (CK) both represses and prevents repression of a transcription factor (PHB) that in turn feeds back to promote synthesis of the signaling molecule (Figure 4) . We hypothesized that this regulatory organization, termed an incoherent feedforward loop [22] , might endow root development with two properties. First, it could ensure maintenance of PHB activity above a particular threshold upon rapid increase in CK activity. Second, it could allow rapid homeostatic regulation of PHB, for example, upon fluctuations of CK that are known to occur in response to environmental changes [20, 21, [23] [24] [25] . We explored these hypotheses using computational simulations in which the dynamic response of the system to varying levels of CK activity was compared with an equivalent system in which CK did not regulate mir165/6 ( Figures S4A-S4C and Computational Simulations in Supplemental Experimental Procedures). Consistent with the idea that dampening of mir165/6 by CK facilitates rapid reestablishment of PHB expression after elevation in CK activity, we observed that recovery of MIR165A::GFP expression after CK treatment was delayed with respect to recovery of PHB::GFP expression (data not shown). Our findings indicate that CK-dependent mir165/6 regulation can both dampen PHB reduction and accelerate the recovery of PHB expression in response to a temporary increase in CK. Further investigations on the effects of transient perturbations of CK activity in the context of geometric computational models of root development will help elucidate the full significance of the PHB/CK/mir165/6 incoherent loop for root growth at different developmental stages and environmental conditions.
In conclusion, we have shown how a dynamic regulatory circuitry comprising PHB and CK determines the balance of cell division and differentiation and consequently root meristem size and root length in A. thaliana. Notably, the transcription factor SCARECROW (SCR), which regulates root meristem size by promoting stem cell activity [26] , was recently also shown to repress PHB expression via activating mir165 [12] . It would thus be interesting to investigate whether SCR, in addition to promoting stem cell function, also regulates root meristem size via influencing PHB-dependent CK biosynthesis. Our results, together with recent findings that CK is transported in the phloem [27] , suggest that CK is synthesized in the meristem vasculature in response to PHB activity and delivered to the TZ to promote differentiation. In support of this hypothesis, the expression of SHY2, a CK primary target necessary and sufficient to promote cell differentiation at the TZ [5] , is weaker in phb,phv mutants compared with WT but is reestablished after 2 hr of CK treatment ( Figures  S4D-S4F ). Consistent with these findings, the short-root meristem phenotype of the dominant shy2-2 mutants is suppressed in the phb,phv double mutant background ( Figures  S4G-S4K) , further corroborating the idea that PHB-dependent CK biosynthesis in the distal part of the root influences cell differentiation at the proximal TZ. In addition, we have provided evidence that a PHB/CK incoherent loop allows homeostatic regulation of PHB expression upon CK perturbation. These findings provide experimental support for the suggestion, explored in recent theoretical work [28] , that incoherent loops involving concurrent regulation of miRNAs and their target genes contribute to stability of gene expression programs. Thus, the mechanism we describe here may allow robust positioning of the boundary between dividing and differentiating cells upon CK fluctuations. Given that CK levels in the root are influenced by nutrient status [20, 21, 25] , it will be interesting to investigate whether this mechanism also impacts on nutrient foraging in varying soil microenvironments. Furthermore, because PHB and related HD-ZIPIIIs play a pivotal role in various aspects of shoot development, including establishment of the shoot meristem and axial patterning of lateral organs [7] [8] [9] 14 ], it will be interesting to investigate whether the PHB/CK regulatory module identified here underpins these processes. 
